[1] The dry deposition velocity for a uniform surface source of particles, such as sea-salt aerosol, is shown to be fundamentally different than that for a source of particles from above or upwind. An expression for the deposition velocity for a uniform surface source of particles and an improved expression for the deposition velocity when the source is from above (upwind) is derived. The equilibrium method of deriving the sea-salt source function from an aerosol concentration, measured at a reference height, and the deposition velocity, is shown to be of little value for particles smaller than about 5 to 10 mm in radius for two reasons: (1) The time to establish equilibrium between the source and loss by dry deposition is much longer than the typical lifetime of small particles determined by precipitation scavenging. (2) It is difficult, if not impossible, to correct for the effect of synoptic-scale vertical velocities and the effect of mixing between the marine boundary layer and the free troposphere. A sea-salt aerosol source function that combines the Monahan et al. [1986] formulation at radii smaller than about 10 mm with the modified Smith et al. [1993] formulation at radii larger than 10 mm is proposed. 
Introduction
[2] With the possible exception of soil dust, sea-salt aerosol from the global oceans is the largest single source of aerosol mass injected into the atmosphere (estimated to be in the range of 1000 to 10,000 Tg yr À1 dry mass [Kiehl and Rodhe, 1995] ). The importance of sea-salt aerosol stems from a number of applications. Sea-salt aerosol plays an important role in radiative transfer both directly and indirectly through the effect of CCN (cloud condensation nuclei), and hence is important for climate change and longrange prediction models [Charlson et al., 1992] . It has been found that under some conditions in remote marine air masses, sea-salt aerosol can dominate the subset of aerosol which act as CCN [O'Dowd and Smith, 1993] . In contrast to most secondary aerosol (gas-to-particle conversion) processes that generate aerosol in the submicron range, sea salt generation is a significant source of particles in the 0.5-to 10-mm radius range and contributes to the so-called coarse mode. This size range is where aerosol mass is the most efficiently dispersed for extinction of infrared (IR) radiation used in passive military surveillance systems and smart weapon guidance [Gathman, 1983; de Leeuw, 1993] . Aerosols interact with various trace gases and hence are important in understanding atmospheric chemistry. The alkalinity (buffering capacity) of sea-salt aerosol is particularly important in the uptake/removal of acidic gases such as SO 2 and NO x . [Chameides and Stelson, 1992; Hoppel et al., 2001] . The primary mechanism for sea-salt aerosol generation is through bubble bursting at the ocean surface [Blanchard, 1963] . Air entrained through wave action form bubbles that rise to the surface and burst. As the bubble penetrates the ocean surface a liquid film is produced, which breaks, forming a number of liquid droplets that evaporate to form sea-salt solution or salt crystal aerosol depending on the relative humidity. As the bubble collapses a water jet emanates from its center. As this jet breaks up, larger droplets are formed and evaporate to produce additional coarse-size aerosol. The number of film and jet droplets formed per breaking bubble is a function of the bubble size [see e.g., Wu, 1992] . As the wind speed and sea-state increase, the wind tears sheets of water off the breaking waves. The breakup of these sheets form (spume) aerosol of diverse sizes including very large particles. These various formation mechanisms have been studied for decades and the interested reader is referred to Andreas [1998] and references therein.
[3] The evaporation of the solution droplets to form seasalt aerosol may contribute to the exchange of moisture and heat between the ocean and atmosphere [Andreas et al., 1995; DeCosmo et al., 1996] . This exchange between the ocean and atmosphere can be significant, in the case of very high winds where significant exchange of moisture occurs during the evaporation of spume [Andreas, 1998] . Those interested in heat and moisture exchange usually emphasize the larger part of the aerosol size range where most of the mass resides but the number concentration is small, while those interested in radiative effects of sea-salt aerosol are usually interested in the more numerous, but less massive particles where radiative effects at solar and IR wavelength are more significant (for a given mass concentration).
[4] The desire to have better characterization and predictions of aerosols for assessment of climate change, long range forecasts, local visibility, DoD electro-optical systems performance, and better representation of heat and moisture exchange in meteorological models has led to efforts to include aerosols in climate, meteorological, and chemical models. Such models require a size-resolved surface source function for sea-salt aerosol generation. It is clear that aerosol generation will be a complex function of wind speed, wind history, atmospheric stability, sea-state and possibly other variables such as ocean temperature, and surface-active material at the ocean surface. Intuition would suggest that the most important variables might be wind speed and sea-state (amount of white water or bubble formation). Since wind speed is the primary determinant of sea-state, one might expect that, for a single parameter formulation, wind speed would be the most appropriate parameter. Currently used formulations of the sea-salt source function use only the current wind speed and in one case the current and average wind speed over a previous time period [Gathman, 1983] .
[5] Since direct measurement of the size-resolved sea-salt aerosol flux is difficult, several indirect methods have been employed. The first uses laboratory data on aerosol production per breaking wave as measured in wave tank experiments and combines this laboratory data with the observed amount of whitecap coverage over the ocean as a function of wind speed to derive a size-resolved flux [Monahan et al., 1986] . The second method relies on measured size distributions at a marine site as a function of wind speed and assumes that a steady state exists between the downward aerosol deposition flux and the upward sea-salt aerosol flux [e.g., Fairall et al., 1983; Smith et al., 1993] . A third method requires an air mass that is advecting from land to sea. The amount of sea-salt aerosol advected horizontally through a vertical plane some distance out to sea must equal the total flux introduced into the boundary layer between the coast and the vertical plane, provided the loss resulting from surface deposition can be neglected or taken into account. Reid et al. [2001] used aircraft measurements to determine the sea-salt flux in this manner at three wind speeds. For the geographical scale covered by the aircraft the contribution resulting from the surf zone was negligible. A variation of this method has also been used to determine the aerosol flux generated by the surf zone [de Leeuw et al., 2000] . Recently, Vignati et al. [2001] studied the evolution of the surf-generated plume and its relative contribution to the overall aerosol load.
[6] In a recent paper Andreas [1998] gives a comprehensive review of the various published flux measurements and formulations that collectively cover a size range from about 1 to 500 mm in radius. The magnitudes of the fluxes predicted by the different formulations vary enormously. For example, Figure 1 of Andreas [1998] shows a spread in mass concentration of five orders of magnitude for 10-mmradius particles and 15 m s À1 wind speed.
[7] The effort described in this paper was motivated by the desire to evaluate the uncertainties and to improve the sea-salt flux and surface deposition formulations in the NRL dynamic aerosol model [Fitzgerald et al., 1998a [Fitzgerald et al., , 1998b Gelbard et al. 1998 ]. The current version of the model contains both the Monahan et al. [1986] (without spume) and the Smith et al. [1993] formulations, either one of which can be chosen by a user-selected switch. In this model we are realistically limited to the particle size range smaller than about 30-mm radius. This range is imposed because particles of larger sizes are rarely abundant in sufficient concentrations to affect visible and IR radiation; furthermore, the model is only valid for particles which can be assumed to attain equilibrium with the ambient RH in a time shorter than other dynamic processes in the model (most notably, gravitational settling). In this paper we will confine our discussion to the Monahan et al. [1986] and Smith et al. [1993] formulations and measurements of Fairall et al. [1983] and Reid et al. [2001] . For descriptions of other formulations and measurements, the interested reader is referred to Andreas [1998] and references therein.
Formulations for the Sea-Salt Aerosol Generation Function
[8] The most commonly used source functions are those of Monahan et al. [1986] and Smith et al. [1993] . Each has advantages and disadvantages. In the first, laboratory data on aerosol production per breaking wave as measured in wave tank experiments are extrapolated to the real atmosphere by relating the generation in the wave tank to whitecap coverage over the ocean as a function of wind speed. This process obviously involves an assumption regarding how well a wave tank can simulate the real ocean and uncertainties in relating whitecap coverage to particle generation per wave in the tank. The second method relies on the assumption that a steady state exists between the downward deposition flux and the upward sea-salt aerosol flux. As we will see, the time for equilibrium to be established between upward and downward fluxes depends strongly on particle size, the height of the MBL, and the strength of the mixing in the MBL. Section 3 is devoted to examining the validity of the steady state assumption.
Monahan et al. Formulation
[9] Monahan et al. [1986] combined field observations of the fraction of ocean surface covered by whitecaps as a function of prevailing 10-m wind speed with measurements of aerosol production per unit area of laboratory-simulated whitecaps to obtain the following expression for the sizeresolved number flux at 80% relative humidity: where U is the 10-meter wind speed in m s
À1
, B = [0.38-log(r)]/0.65 and r is the particle radius in mm at 80% RH. Units of dF n /dr are m À2 s À1 mm
. The source function given by equation (1) is shown in Figure 1 by the heavy dashed lines for wind speeds of 5, and 20 m s
. Equation (1) does not include aerosols generated by the spume mechanism. Monahan et al. [1986] suggest that the spume mechanism becomes dominant for wind speeds above 9 m s À1 at radii larger than 10 mm. We would therefore expect equation (1) to significantly underestimate the flux at radii greater than 10 mm.
Determinations of the Source Function That
Require Equilibrium 2.2.1. Smith et al. [1993] Surface Source Function
[10] Particles are lost to the ocean surface by deposition. This loss can be formulated in terms of a deposition velocity that includes the effects of gravitational settling, Brownian diffusion, and turbulent deposition. Figure 2 gives the deposition velocity as a function of size and wind speed as derived by Slinn and Slinn [1980] and by Giorgi [1986] . The two derivations follow similar reasoning but yield different numerical results. Further discussion of the mathematical formulation is given in section 4. Both results give the deposition flux in terms of the wind speed and aerosol concentration at a reference height usually taken to be 10 m above the ocean surface. In Figure 2 we have determined u * (the friction velocity) using the Large and Pond [1982] expressions for the drag coefficient. In the original papers Slinn and Slinn [1980] used a constant value and Giorgi [1986] used the Wu [1969] expression. The RH is here taken to be 80% both in the surface layer and the interface layer. By definition of the deposition velocity n d , the downward flux is then F i dn = n 10,i n d, i where the subscript i refers to size class r i . It is clear that if particles of radius r i are deposited rapidly, then the equilibrium concentration at 10 m, n 10, i , will be established rapidly, and is determined by a balance between the downward flux and the upward flux.
F i up is then just the sea-salt aerosol generation function F i and can be determined by using n d, i shown in Figure 2 , in conjunction with measurements of the (equilibrium) size distribution at the reference height as a function of wind speed, provided, of course, that all aerosol of a given size are sea-salt originating at the sea surface.
[11] Smith et al. [1993] used this equilibrium method to derive a flux formulation for sea-salt using a large database of aerosol size distributions measured 10 m above the water during periods when the air was from the North Atlantic and unpolluted by local sources. The tower was high enough that the aerosol generated in the surf zone was presumed to be advected ashore below the height of the measurements. The measurements covered a radius range of 1 mm to 25 mm and wind speeds up to 30 m s À1 . The data were subsequently sorted into wind speed intervals of 5 m s À1 and a flux was derived from each data point using the Large and Pond [1982] expression for the drag coefficient in the Slinn and Slinn [1980] expression for the deposition velocity. The flux, so derived, was found to be represented quite well by two lognormal distributions
where the constants f 1 , f 2 , r 01 , and r 02 have the values 3.1, 3.3, 2.1, and 9.2 mm, respectively. The coefficients A 1 and [12] More details of the site and measurements is given by Smith et al. [1989 Smith et al. [ , 1993 . The solid lines without symbols in Figure 1 shows the size-resolved flux for wind speeds of 5 and 20 m s À1 given by the Smith et al. [1993] formulation where it can be compared to that given by Monahan et al. [1986] . Smith et al. [1993] justify the equilibrium assumption, for particles larger than about 1 mm, by noting that the data set for the various wind speeds are obtained by averaging over long periods, under atmospheric stability conditions which were near neutral or slightly unstable, and at relatively stable RH Figure 1 . Size-resolved surface source flux of sea-salt particles as given by the Monahan et al. [1986] , and Smith et al. [1993] formulations for wind speeds of 5 and 20 m s À1 . Solid circles are fluxes calculated from measurements by Fairall et al. [1983] at wind speeds of 6, and 18 m s À1 , and triangles are from aircraft measurements (at 30 m altitude) of Reid et al. [2001] Fairall et al. [1983] also determined the source function from a data set (CEWCOM-78) assuming that a steady state had been established. The upward flux must then balance the downward flux
where v e , is defined as an entrainment velocity which is the result of any synoptic-scale vertical motion (resulting from convergence or divergence). Since synoptic scale vertical motions were difficult to obtain with any degree of accuracy, an entrainment velocity was obtained by adjusting an entrainment velocity in a model to yield the best agreement with observed temperature and water vapor density evolution. The resulting downward entrainment velocity of 0.35 cm s À1 was used for calculating the aerosol flux from equation (4). Since the settling velocity of a 5 mm radius particle is about 0.3 cm s
À1
, it is clear that for particles smaller than about 5 mm the deposition, and hence source function, are determined more by the entrainment velocity than the fall velocity. To obtain the wind dependence, equation (4) was used on a larger data set (JASIN) assuming that the entrainment velocity did not change with wind speed so that the ratios of the fluxes at two wind speeds is proportional to the concentrations at the two wind speeds. The source function determined by Fairall et al. [1983] is shown by solid circles in Figure 1 for wind speeds of 6 and 18 m s À1 ).
[14] The entrainment velocity should include, not only the effects of synoptic scale motions, but also entrainment by mixing between the MBL and the free troposphere. Both of these effects are apparently included in the entrainment velocity determined empirically by Fairall et al. [1983] . In section 3 it will be shown that the effects of large-scale vertical velocities produce results much different than the effects of mixing between the MBL and free troposphere. The concept of a vertical motion that is constant with altitude must also be questioned, since continuity requires convergence or divergence of a vertical flow as the surface is approached. Nevertheless, one must be aware that the equilibrium method of deriving the surface source function is subject to large errors due to synoptic-scale motions and depletion by mixing with the free troposphere. This is particularly critical for particles smaller than about 5 mm and will be addressed in section 3.
[15] In the next section we will see that, for a surface source in equilibrium with deposition, the average downward velocity at any fixed height is just the gravitational settling velocity (plus any large scale vertical fluid velocity, if present) and is balanced by the upward velocity resulting from turbulent mixing. Thus the neglect of turbulence in equation (4) is a valid representation for the deposition velocity. Reid et al. [2001] [16] Reid et al. [2001] report aircraft measurements of the buildup of sea-salt aerosol in air advecting off the east coast of the US (box advection model). Flight legs of 50 km length were flown at 6 altitudes between 30 m and 1500 m. From the increase in the column burden of aerosol as a function of downwind distance, the source function can be derived. Loss due to deposition was included but was a minor correction since the concentrations were still relatively low compared to the equilibrium values, thus this predicted by Giorgi [1986] (solid line) and by Slinn and Slinn [1980] (dashed line) for source of aerosols from above. Dotted lines are for deposition velocities for a surface source at equilibrium (equation (10)) appropriate for a height of 1 m (d = 1 m, H = 10 m). measurement can be viewed as the only direct measurement of the upward flux in the real environment. Measurements were made on days when the wind speed at the aircraft altitude was 4, 8, and 12 m s À1 . At the lowest wind speed, the sea-salt aerosol generation was too weak to be observed against the background level. Useful results were obtained for 8 and 12 m s À1 and are shown in Figure 1 . Measurements were made at radii as large as 12 mm, but the concentrations of particles at radii greater than 8 mm were below the noise level. As the authors point out, even at 8 mm the uncertainty due to counting statistics was twice as great as the count itself. The low count, of course, is exacerbated by the decrease in large particle concentration at the altitude required for aircraft operations. Even though these measurements were made at limited fetch (not under open ocean conditions), we would expect the measured flux to be of the same order of magnitude as over the open ocean. We view these measurements as particularly valuable in confirming the order of magnitude and shape of the Monahan et al. [1986] source function in the range r < 5 mm using ambient rather than wave tank data.
Measurements of

Deposition Velocity When Deposition Is in Equilibrium With a Uniform Surface Source and the Time to Reach Equilibrium
[17] The deposition velocity derived by Slinn and Slinn [1980] and Giorgi [1986] are for the case where there is a net downward flux of particles supplied from above. The basic assumptions in the derivation of the deposition velocity are clearly reiterated by Slinn [1983] , where he evaluates the difficulties with the constant flux assumption and the long time and/or distance from the source required to establish a steady state flux in the surface layer. Here we will show that the deposition velocity formulation as discussed in section 2.2.1, and in more detail in section 4 is not appropriate for the case of a uniform surface source of aerosols. In this latter case, when equilibrium is achieved, the net flux is zero with the upward flux equal to and opposite the downward flux. This greatly simplifies the problem, because any unknown influences in the interface layer are now reflected in the aerosol concentration at the reference level.
[18] If we assume that the eddy diffusion formulation is valid for the surface layer and the eddy mixing coefficient for neutral stability is given by
k(=0.4) is the von Karman constant, u * is the friction velocity, z the height and b is a factor that accounts for the difference in the turbulent diffusitivity of momentum and aerosols. For lack of a better assumption, we assume that b = 1. The steady state equation for the particle concentration of size class i is n i and is given by
where n gi is the gravitational settling velocity. F up is the upward diffusional flux and F dn is the downward flux due to gravitational settling. The sign convention is such that downward flux is positive. The solution to equation (6) is just
where H is some upper reference height where n(H ) is measured. It is also clear that the solution is not valid at z = 0; k(z) is zero at the surface and there is no mechanism to transport particles to the surface. It is customary in boundary layer analyses to define an interface layer where transfer by mechanisms other than turbulence predominates (for particles these other mechanisms include gravitational settling, Brownian diffusion, interception, and impaction). Equation (7) is valid in the surface layer but not in the interface layer. The exponent on the exponential factor is the logarithmic slope of the concentration. Wu et al. [1984] defined the exponent as the nondimensional parameter that characterizes the tendency of a particle to remain airborne and defines the critical radius for suspension by setting this parameter to unity. For wind speeds of 5 and 20 m s À1 the critical radius, so defined, is about 25 and 60 mm respectively. de Leeuw [1989] uses the critical radius concept to discuss observed vertical profiles.
[19] The downward flux at height z is then given by
It is clear from the first term of equation (8) that, at equilibrium, particles are being deposited on any horizontal plane, including the Earth's surface, with a velocity equal to that of the gravitational settling velocity. Because the concentration at the surface is unknown, the conventional practice has been to define the deposition velocity as a factor by which the concentration at some reference height (measurement height) must be multiplied to give the deposition flux at the surface. In practice, the height at which we wish to consider the particles as deposited will depend on the application. If we consider that particles are deposited at a height d, with an equal and opposite flux injected at the same height d, then the deposition flux is given by
where
is the surface source function appropriate for a height d. The factor
c can be viewed as a correction factor by which the measurement at height H must be increased to give the correct flux at a height d. However, if we wish to maintain the definition of deposition velocity as the factor by which the concentration at the reference height, H, must be multiplied to find the deposition rate, then the deposition velocity is expressed as
and the height correction term becomes part of the expression for the deposition velocity. The deposition velocity is a function of both the reference height H, where the concentration is specified, and the height d, at which the source function is applied. Figure 2 shows the deposition velocity (dotted line) defined by equation (10) The gravitational fall velocity is just that calculated from Stokes' law with the well-established slip correction for small particles. However, for particles larger than about 30 mm, the flow around the particle is no longer laminar and fall velocities given by Beard and Pruppacher [1969] must be used. (For large particles a correction based on a table given by Mason [1971] was used.) [20] We wish to warn the reader that while the definition of deposition velocity given in equation (10) is consistent with the conventional definition of deposition velocity, and while equation (10) is useful in calculating the source and sink fluxes from measurements at a reference height, the deposition velocity, in this case, does not behave with wind speed as in the prior formulations. Figure 2 (equation (10)) should not be interpreted to say that deposition of a given size particle increases as the wind speed decreases. The correct interpretation is that the falloff of particle concentration with height is greater at lower wind speeds and hence a larger correction must be applied to the particle concentration at the reference height to obtain the surface deposition. The effect of the gravitationally induced gradient for large particles is not included in the formulations of Slinn and Slinn [1980] or of Giorgi [1986] .
[21] The deposition velocity increases as d decreases. The lower limit of d should be above the effective injection height of the particles, possibly higher than the wave height. For practical applications d will be some midpoint of the lowest level of the aerosol model, where surface-generated particles are removed and introduced. In numerical models, the lowest level is usually of the order of meters to tens-of-meters. The aerosol concentration in the bottom cell is defined at some intermediate height, H 1 , in the cell. If the steady state downward flux varies significantly over the height of the cell, as is the case for large particles, it is not the flux at the bottom of the cell, but the flux associated with some intermediate height in the lowest cell that is important in establishing the correct particle balance in the cell. Some of the flux at the bottom of the cell never reaches the reference height of the cell. If the reference height for the concentration and deposition is the same for the lowest cell then H 1 = d and the deposition velocity is just v g , the gravitational settling velocity. It follows that the injection of the surface source of particles into the bottom cell should also be a value appropriate to the reference height of that cell.
[22] We again stress that the surface-source case is fundamentally different than the case treated by Slinn [1983] and Giorgi [1986] which is discussed in more detail in section 4. In the latter case the total flux (gravitational and turbulent mixing) is downward, constant with height, and the calculation of enhanced removal in the interface layer is necessary to obtain the downward flux from the value at the reference height. In the case of a surface source the enhanced removal in the interface layer is already reflected in the steady state concentration through the balancing of the upward and downward fluxes which both decrease with height.
[23] We note here that the above analysis, which is for neutral stability, can be generalized for nonneutral stability by following the analysis of Goroch et al. [1980] . It is customary to introduce a stability parameter f(z/L) where L is the Monin-Obukov length such that equation (5) now becomes
where c ¼ bku * .
[24] The solution to equation (6) is now
For the form of f(x) and evaluation of C(z/L) the interested reader is referred to Goroch et al. [1980] or Seinfeld and Pandis [1998] and references therein. The deposition velocity for the nonneutral case n d u is just
where n d is the deposition velocity for neutral stability.
[25] In equation (6) it has been assumed that there is no large scale vertical motion such as those resulting from large-scale subsidence, no exchange with the free troposphere or sinks like precipitation scavenging. If there were large-scale motions, and if they were constant with height then the effect could be estimated by adding (or subtracting) the velocity from n g in equations (6) and (13). Downward velocities would make smaller particles settle faster and behave as larger particles; the converse would be true for an upward velocity.
Source Functions Derived by the Equilibrium
Method Using the Deposition Velocity for a Surface Source 3.1.1. Corrected Smith et al. [1993] Source Function
[26] The deposition velocity that should have been used by Smith et al. [1993] to derive a source function in assuming equilibrium conditions is the deposition velocity for a surface source as given by equation (10). We can obtain the corrected Smith et al. [1993] source function directly from the fitted fluxes already provided by where n d (r) is the deposition velocity from equation (10) for a surface source and n ds (r) is the deposition velocity [Slinn and Slinn, 1980] used by Smith et al. [1993] in deriving their source function (dF/dr) smith . The bracketed part of equation (14) should retrieve the Smith et al. [1993] size distribution. The new source function appropriate for introduction at a height of 10 m (d = 10 m) is shown in Figure 3 by the solid lines for wind speeds of 5 and 20 m s À1 . The unrealistic crossover of the curves at a radius below about 4 mm is due to the fact that the two lognormal modes do not allow enough degrees of freedom to convert the size distribution over the specified size range to flux using the Slinn and Slinn [1980] deposition velocity formulation. (Smith et al. first calculated the flux from the size distribution data points using Slinn and Slinn [1980] and fit the resulting flux points with the sum of two lognormal curves. Starting with the lognormal fits to the flux and reversing the process leads to size distributions which cross over at the small radii end of the size distribution as shown in Figure 3 . The transformation at radii larger than about 5 mm is quite good for all wind speeds.) The dashed lines which departs from the solid lines at large radii shows the source function appropriate for one meter (d = 1). The height correction becomes increasingly important as the wind speed (turbulence) decreases and the particle size (fall velocity) increases.
[27] Using the corrected source function makes the disagreement between Smith et al. [1993] and Monahan et al. [1986] even greater than shown in Figure 1 at small radii. No such correction for the Fairall et al. [1983] source function is required since they used the gravitational settling velocity (plus an entrainment velocity) to obtain their source function. However, the height correction given by equation (10) should be applied, and would probably be significant for particles larger than about 10 mm, but no information is given on the platform or height at which their measurements were made nor is this information given in the paper [Schacher et al., 1981] which they cite as containing the details of the experiment. 3.1.2. Flux Derived From Size Distributions of O'Dowd et al. [1997] [28] From shipboard data, O'Dowd et al.
[1997] fit size distributions taken over a radius range from 0.1 to 100 mm by the sum of three lognormal curves. The three lognormal curves supposedly represent the film, jet, and spume-drop modes. The size distribution in the range of 0.1 to 1.5 mm were from measurements in heated air samples so that the volatile components (such as sulfates) were volatilized leaving only sea-salt particles. Measurements at larger radii were unheated but the location of the measurement together with air mass trajectory analysis would suggest that the particles were predominantly sea-salt solution droplets. The mode radii and standard deviations of the three modes are 0.1, 1.0, and 6 mm, and 1.9, 2, and 3, respectively. The total number concentrations were found to be wind dependent described by the following expressions: (Note that in the last expression the number 3.47 is given as 5.81 in the referenced paper and is apparently a misprint. We obtained the 3.47 value by matching the curve shown in the O'Dowd et al. [1997] paper.) We believe that the data given in this paper for radii less than 1.5 mm are particularly valuable because they eliminate the sulfate particles that can dominate the smaller sizes. The small particles were measured at a height of about 18 m [O'Dowd and Smith, 1993] and the giant particles at a height of about 10 m. We have difficulty accepting the proposition that the relatively large number of giant particles (r > 50 mm) observed in this data set is characteristic of the open ocean at the measurement height. These giant particles should have a very strong gravitationally induced gradient over an altitude the order of the height of the ship. The ship acts as an obstruction around which the air must flow and it is uncertain as to what height the measurement of giant particles is appropriate. Measurements of giant particles by Taylor and Wu [1992] at the end of the pier at the Field Research Facility, U.S. Army Corps of Engineers at Duck, NC, found much lower concentrations of giant particles. This latter site, which extends about 600 m into the Atlantic, was chosen because it provides minimal disturbance to wave propagation and airflow and extends beyond the surf zone. A comparison of the data sets is shown by O'Dowd et al. [1997] .
[29] The O'Dowd et al. [1997] wind-dependent parameterization of the size distribution provides the necessary information to calculate the flux assuming that an equilibrium exists. Taking the O'Dowd et al. size distribution parameterization and multiplying it by the deposition velocity given by equation (10) gives the equilibrium flux. For the reasons cited in the last paragraph, we have omitted the spume mode and retained just the film and jet droplet modes. The result is shown in Figure 3 by the lighter solid lines for a source at d = 10 m and for d = 1 m by the dashed lines. At large radii the extrapolation of the source function to a height of 1 m results in an unrealistically high value for the source function. Particles larger than about 30 mm require over a minute to equilibrate to the ambient RH and cannot be considered to have a constant radius over the relevant mixing and gravitational settling timescales. The mathematical formulation (equation (6)) requires the particles to have a constant radius [Fitzgerald et al., 1998a] . Therefore the deposition velocity given by equation (10) should not be extended to particle sizes above about 30 mm. On the other hand, there are also formidable measurement problems for giant particles that make the measured concentrations also of questionable accuracy for giant sea-salt particles.
[30] No justification has yet been given for assuming that sea-salt aerosol is in equilibrium with surface deposition as required by the above analysis. We will next use the equilibrium flux derived above to illustrate the expected deviations from equilibrium and the size range where we would expect the equilibrium method to be useful.
[31] The solid lines in Figure 4 are the fluxes derived from O'Dowd et al. [1997] size distributions as shown in Figure 3 . The dashed lines in Figure 4 shows the derived flux had there been a constant vertical velocity of ±0.2 cm s À1 at the time of the measurements. In the case of subsidence, the derived source function is enhanced by an order of magnitude at a radius of 1 mm and more than two orders of magnitude at 0.1 mm. For an upward velocity, the derived source function is smaller and violates the equilibrium assumption when the upward velocity exceeds the gravitational fall velocity. The velocities assumed here are at the low end of vertical velocities typically reported in the literature (0.2 -1.0 cm s
À1
). The dashed lines in Figure 4 graphically illustrate one of the severe limitations of the equilibrium method for determining the source function for particles smaller than about 5 to 10 mm. The case of detrainment by mixing from the MBL into the free troposphere does not behave as a constant vertical velocity and is discussed in section 3.2. As will be discussed later, we judge the equilibrium methods discussed above as nearly useless in determining the source function for particles of radii smaller than 5-mm radius because of the long time required to establish equilibrium and the large influence which uncertainties in synoptic-scale motions and entrainment from the free troposphere has relative to the effect of gravitational settling.
Time Required to Approach Equilibrium in the MBL
[32] To evaluate the limitations of the equilibrium assumption rigorously, we need the time dependent solution. Before presenting numerical solutions generated with the NRL dynamic aerosol model, it will be useful to look at the timescales of interest in establishing equilibrium. If the timescale for ''filling'' the MBL is long compared to local timescales for turbulent mixing and settling, then a quasiequilibrium solution for the altitude dependence exists during the filling process. For small particles this is just the condition that the MBL is well mixed during transient filling (or depletion) events; i.e., the filling is source limited, not transport limited. The time dependent equation for the aerosol concentration is just
Setting the right hand side to zero gives the quasi-steady state equation and is the same as for the steady state case discussed earlier. The normalized quasi-steady state vertical profile n qs (t, z)/n qs (t, d) holds at all times and is given by n qs ðt; zÞ n qs ðt; dÞ
Substituting this quasi-steady state solution back into equation (16) where S is the surface area of the column and N(t) is the total number of particles in the column. We have assumed that the only exchange of particles, in and out of the column, is through the base and consists of a constant upward flux, F up 
AAC
given by the steady state value equation (9) and a time dependent downward flux, F dn related to the instantaneous concentration of particles at z = d. Equation (17) can be integrated to give the total number of particles in the column in terms of the concentration at a height d
Z MBL is the height of the MBL. Combining equations (18) and (19) yields
so that
t f is the time constant for the integrated number of particles in the column to reach equilibrium. This time constant includes the effects of gravitational settling, turbulent mixing, and the constraint that the source flux is constant with time and equal to the steady state case (i.e., the upward source equals the downward flux at equilibrium). Since we have assumed a quasi-steady state, the time constant for any altitude will be the same as the column integrated value. For the case when n g /c ! 0, i.e., small particles and/or strong mixing, t f = Z MBL /n g , which is the time constant for the well mixed case. When n g /c ! 1, i.e., large particles and/or weak mixing, the time to establish equilibrium is independent of Z MBL because gravitational settling prevents particles from reaching a height Z MBL . Figure 5 shows a plot of t f (heavy solid lines) as a function of radius for two wind speeds 5 and 10 m s À1 and for Z MBL = 500.
[33] The times to establish local equilibrium for turbulent mixing can be written as where kðzÞ is some average value of k(z) over the distance Áz. The local time constant is determined by mixing since the mixing time constant is much faster than the settling time constant, Áz/n g . If Áz is taken to be 10 meter, a typical cell thickness used in numerical models, and k(z) is evaluated at z = 5 m, then t mix loc is of the order of several minutes. Since the representation of turbulent mixing by a mixing coefficient, k(z), requires averaging times long compared to the eddy timescale (order of 20 min), the eddy timescale must be considered the upper limit of the local mixing timescale. The time required for local mixing over 10 m is essentially the same as that required for valid stochastic averaging and taken to be 20 min in Figure 5 . The quasi-steady state should be a good approximation for particles smaller than about 20 mm where local mixing is much faster than the filling time or the fall out time.
[34] If atmospheric conditions and the ocean surface roughness were constant over a period of one day we would expect particles larger than about 5.5 mm to come to equilibrium for the stated conditions. If we increase the height of the MBL to 1000 m then particles larger than about 7.5 mm would have reached an equilibrium concentration in a day.
[35] In section 3.1.2 (Figure 4) we showed that any largescale subsidence or lifting motion influences the rate at which equilibrium was reached within the MBL. The light solid lines in Figure 5 show the solutions for the case a vertical velocity of ±0.2 cm s À1 is added to the fall velocity. In the case of subsidence, the flux would come to equilibrium more quickly, and conversely, if the velocity were upward out of the MBL, approach to equilibrium would be slower and for the smallest particles equilibrium is never attained. If lifting velocities were in the range of 0.2 to 1.0 cm s
À1
, then particle smaller than 4 to 9 mm, respectively, would never reach equilibrium concentration.
[36] Equation (22) also gives a method for estimating the degree to which the source function inferred from the equilibrium condition is in error. For example, if the average lifetime of a sea salt aerosol smaller than about 10 mm is T days due to precipitation scavenging, then we would expect that the average concentration of particles of a given size can be approximated by the fraction of the equilibrium concentration as given by equation (22) where t = T. The real equilibrium source function dF 0 /dr is then given by
where dF(r)/dr is the upward flux inferred by assuming equilibrium. For large particles, t f is small and F = F 0 . If this approximate correction is applied to the flux derived from O'Dowd et al. [1997] (curve denoted by solid circles in Figure 6 ) using d = 10 m, a MBL height of 1000 m and a particle lifetime of 3 days, a substantial enhancement to the derived source function at smaller radii is obtained as shown in Figure 6 by the solid lines. A lifetime of 3 days is based on Junge [1972] who, from a review of data, obtained values from 1 to 3 days for the lifetime of sea-salt particles in the 1 to 10 mm range, and suggests that a ''lifetime of about 3 days may be realistic.'' For comparison the source flux given by Monahan et al. [1986] for a 20 m s À1 wind speed is shown as a dot-dashed line.
[37] The above analysis can be expanded to estimate the effect of detrainment by mixing between the MBL and free troposphere. Previously (see Figure 4 ) the uncertainties in the source function introduced by synoptic scale vertical motions were estimated by adding a modest amount (±0.2 cm s À1 ) of subsidence or lifting to the gravitational settling (following Fairall et al. [1983] ). The dashed lines in Figure 4 show the uncertainty in the retrieved source function and the light lines in Figure 5 show the effect on the time constant. We would expect the effect on MBL aerosols of mixing at the MBL-free troposphere boundary, on average, to be as great or greater than the effect of synoptic scale vertical motions. To account for exchange with the free troposphere the following additional term, representing the flux out of the MBL, can be added to the right side of equation (18).
where n em is the entrainment velocity for mixing. Solving equation (18) with this additional term and assuming that the concentration of sea-salt in the free troposphere is negligible gives the time constant t e when detrainment by mixing is occurring
Because of the additional sink, the equilibrium concentration is lowered by the reciprocal of the factor
and the flux inferred by assuming no entrainment will be too low. This detrainment correction to the flux, for a very modest entrainment velocity of 0.2 cm s
, is illustrated in Figure 6 (dashed curves) by multiplying the flux derived from the O' Dowd et al. [1997] data by the above factor. Typical entrainment velocities cited in the literature [Fitzgerald et al., 1998a] are in the range of 0.2 to 1 cm s À1 and are usually derived from exchange of ozone or water vapor with the free troposphere. At 1 mm, the correction is more than an order of magnitude with the correction being negligible above about 10 mm. The time constant t e is shown in Figure 5 by the curve denoted by the circles. It should be noted that, in contrast with the case of a constant upward vertical velocity (À0.2 cm s À1 ) where no equilibrium was reached at small radii, here upward mixing to the free troposphere decreases the time to reach equilibrium. The equilibrium concentration is reduced by the reciprocal of the factor given by equation (27) and therefore is reached sooner. In Figure 6 the correction for the 3-day lifetime of the aerosol and depletion of the concentration by mixing into the free troposphere were applied individually. In reality both may be present concurrently. Corrections for the finite lifetime of the small particles and the effect of detrainment into the free troposphere are both in a direction to bring the result closer to that of the Monahan et al. [1986] formulation (shown by the dot-dashed line in Figure 6 ) and the measurements of Reid et al. [2001] . To correct for both effects, the three-day lifetime (lifetime due to precipitation scavenging) would be used in an equation similar to equation (24) where t f would be replaced by t e and the equilibrium flux modified appropriately (equation (27)). The ''correction'' factors derived here are presented in the spirit of an error analysis rather than viable correction to existing formulations.
Numerical Solutions
[38] The above analysis has invoked a number of assumptions, particularly: (1) that the quasi-steady state solution is valid and (2) that the turbulent mixing coefficient is a linearly increasing function of altitude throughout the entire MBL. These restrictions can be removed by employing the NRL dynamic aerosol model. The NRL aerosol model [Fitzgerald et al., 1998a [Fitzgerald et al., , 1998b ] is a 1-D, sectional and multicomponent Lagrangian model that includes coagulation, growth of particles by condensation of low volatility gas-phase reaction products, sea-salt source function as a function of wind speed, turbulent mixing between vertical cells, nucleation of sulfuric acid aerosol, equilibration of particles with the local humidity, cloud processing of aerosols and removal by precipitation scavenging and surface deposition. Most of the above processes are not relevant to this study and were turned off for the following calculations. The model here is run with sea salt as the only core component and the sea-salt is assumed to be in equilibrium with the local RH to obtain the ambient size. The profile of turbulent mixing coefficients is an important parameter in these studies. To be consistent with the deposition velocity formulation discussed above we must use the same linear form for the mixing coefficient in the surface layer as given by equation (5). However, to be realistic, the profile of coefficients cannot increase indefinitely. Figure 7 shows the profiles of mixing coefficients for wind speeds of 5, 10 and 20 m s À1 that are used in this study and generated by the following equation
The temperature profile used in the calculations is also shown in Figure 7 . The RH was assumed to be a constant 80% throughout the MBL. We used cell heights of 0 -2, 2 -4, 4-8, and 8 -12 m for the four lowest cells and the circles in Figure 7 indicate the cell heights throughout the rest of the boundary layer. Particles were introduced into the bottom cell and the reference point in the cell is considered to be the midpoint of the cell (d = 1 m). Therefore the deposition velocity is just the gravitational settling velocity. The exchange velocity between the MBL and free troposphere was set to zero.
[39] Since we wish to investigate the time to establish equilibrium, the exact form of the sea-salt aerosol source function is immaterial. In Figure 8 we have used the flux derived from the O'Dowd et al. [1997] size distributions as shown in Figure 3 with d = 1 m (midpoint of lowest cell). The MBL is assumed to extend to 1000 m and the wind speed is 10 m s
À1
. Figure 8 shows the approach of the size distribution to equilibrium at 0.5, 2, and 4 days in cells 1, 2 and 4 (0 -2, 2 -4 and 8 -12 m respectively) starting with an empty MBL. The plotted radius is the radius of the particles at the ambient RH (80%). For the stated conditions, the solutions clearly show the following: (1) for particles smaller than several microns radius, the MBL is far from equilibrium even after 4 days, (2) the largest particles (r > 15 mm) establish equilibrium within 12 hours and the steady state gravitational gradient is clearly evident (by the convergence of the curves at all times to form a stationary vertical concentration gradient), (3) in 3 days, the typical lifetime of a sea-salt particle against precipitation scavenging, particles larger than about 7 mm are nearly in equilibrium, and (4) during the approach to equilibrium the well-mixed (quasi-steady state) assumption holds at smaller radii as indicated by the grouping of the curves (nearly the same concentrations in vertically separated cells) at a given time.
[40] Figure 9 shows more clearly the percentage of the steady state value achieved at 0.5, 1, 2, and 4 days in the lowest cell as a function of ambient radius for a wind speed of 10 m s
. In this simulation a size distribution of constant amplitude was used so that limitations, imposed by a finite number of size channels in resolving peaks in the size distribution, did not contribute to the errors. Particles greater than about 12 mm are essentially in equilibrium after 12 hours, whereas, particles of 6 mm attain 90% of their equilibrium concentration in four days. Particles of 1 mm radius reach only about 6% of their equilibrium concentration after 4 days.
[41] The results of the more exact numerical solutions validate the more approximate analytical expressions given earlier.
Deposition Velocity When the Source of Particles Is From Above
[42] Expressions for the size-resolved deposition velocity on the ocean surface have been given by Slinn and Slinn [1980] and Georgi [1986] and a comparison of the two expressions has already been shown in Figure 2 . Both formulations use the same two-layer model and differ numerically because of the different form of the drag coefficient and interfacial transfer velocity employed in the calculations. The interfacial transfer velocity contains the effects of Brownian diffusion, interception, and impaction to the surface from the interface layer. Both analyses characterize the flux in the surface layer with an expression of the form
where K s is the turbulent transfer velocity in the surface layer, v g is the gravitational settling velocity and N H and N Á are the particle concentrations at heights H and Á. Slinn [1983] discusses the shortcomings of equation (29), which he indicates is ''cruder'' than that of the differential equation form. Here we assume that the particle concentration, N, in the surface layer is governed by the steady state differential equation
where k(z) is the eddy mixing coefficient and F H is the flux of particles where we have adopted the convention that a downward flux is positive. It is also understood that there is a similar equation for each size particle. We further incorporate the linear form for k(z) given earlier by equation (5).
[43] The solution to equation (30) which satisfies the boundary conditions that N = N H when z = H, and N Á when z = Á is
And the flux is given by Figure 9 . Percent of the steady state value achieved after 0.5, 1, 2, and 4 days as a function of particle radius.
The flux to the surface from the Á-layer (interface layer) is assumed to be
where n a is the interfacial transfer velocity. The effects of Brownian diffusion, impaction and interception are all included in n a . We have placed a prime on n g to indicate that a different value of the settling velocity can be used to account for the larger swelled size in the higher humidity in the interface layer than in the surface layer. For our numerical evaluations we adopt the determination of n a as given by Giorgi [1986] (k IL in his notation) and refer the interested reader to Giorgi [1986] for the semi-empirical determination of this factor. The two fluxes given by equations (32) and (33) are then equated to eliminate N Á and the deposition velocity is then found to be
If we neglect any differences in the RH between the interface and surface layers, then n g 0 = n g and
In the case where (n g /c) ! 0, small particles and strong mixing, then f = 1 and n d = n g 0 + n a , and N Á % N H . For sake of completeness we take the limit of equation (32) as v g /c goes to zero. This gives the case of the well-mixed surface layer and should correspond to equation (29) used in the Slinn and Slinn [1980] and Giorgi [1986] analyses.
Equation (35) is the same as equation (29) only if
and N Á = N H in the last term of equation (29).
[44] Figure 10 shows a comparison of the deposition velocity given by equation (34) with that of Giorgi [1986] and Slinn and Slinn [1980] , where for the purpose of comparison we have used the drag coefficient as given by Large and Pond [1982] in both the Slinn and Slinn [1980] and Giorgi [1986] formulations. u * is calculated from the drag coefficient C d and the reference height wind speed u 10 as
Nearly perfect agreement is seen between our new formulation (equation (34)) and Giorgi [1986] at radii below 1 mm, as would be expected since at these radii n a predominates and the same expression for v a has been used in both formulations. In the region between 1 and 10 mm, equation (34) gives values which are lower by as much as one half that of Giorgi [1986] . The reason for the lower value is that Giorgi suggests a value of Á = 30 n/u * as a reasonable point at which the flow would be fully turbulent (where n is the kinematic viscosity). We have used this value of Á in equation (34). Á is then of the order of 0.03 cm. Good agreement between the value of n d given by equation (34) and Giorgi's values is obtained if we arbitrarily increase Á by a factor of 100 (0.03 to 3 cm) in equation (34). This suggests that the value of N used by Georgi to represent the value at the bottom of the surface layer is much higher than the value at N Á obtained from equating equations (32) and (33). If a reasonable value of Á is 30 n/u * , then the values calculated from equation (34) and shown in Figure 10 would be expected to be more accurate than that given by Giorgi. In the 1 to 10-mm region, the Slinn and Slinn [1980] formulation also gives values of n d which are larger than predicted by equation (34) for the same reason. The difference between Slinn and Slinn [1980] and Giorgi [1986] at small radii is due to the different forms of the interfacial transfer velocity used in the two formulations.
[45] If instead of using the drag coefficient as given by Large and Pond [1982] , we had used the drag coefficient as was used originally by Giorgi [1986] [from Wu, 1969] we get differences as great as that shown between the three formulations of n d shown in Figure 10 in the 1 to 10 mm radius range. Thus the uncertainties in n d due to the uncertainties in the drag coefficient are perhaps as great as Figure 10 . Comparison of deposition velocities given by the formulations of Slinn and Slinn [1980] , Giorgi [1986] , and by equation (34) at three wind speeds. The same expression for the drag coefficient [Large and Pond, 1982] is used in all three cases. The dotted line is the gravitational settling velocity. the uncertainties that can be attributed to the value of Á. Recent determinations of the drag coefficient by Yelland et al. [1998] are in close agreement with the values determined by Large and Pond [1982] . Within the uncertainties with which we can specify C d and Á, it appears that little is gained, with respect to accuracy, by using equation (34) rather than Giorgi or Slinn and Slinn's original formulation. We prefer equation (34) for the following reasons: (1) it involves fewer approximations in its derivation, (2) it includes explicitly the correction for the reference height at which N(H ) is specified and thus is more readily adapted to models where the thickness of the lowest cell may be user specified, and (3) it includes the gravitationally induced vertical gradient in concentration which is important for particles greater than several micrometers in radius.
[46] The calculations shown in Figure 10 assume the fall velocity is the same in the interface and surface layers. This implies that the particle residence time in the interface layer is too short for the particle to equilibrate to the RH in the interface layer. For larger particles this is likely to be the case. For submicron particles it may be more appropriate to use an equilibrium radius (and resulting fall velocity) appropriate for a RH intermediate to that of the surface layer and that of the sea surface.
[47] It should be clear that for the case where particles are supplied from above, the deposition at the surface as described by n a is required, and is related to the downward gradient flux; whereas, for the case of a surface source of aerosols, in equilibrium with deposition as discussed in the earlier sections of this paper, n a plays no explicit role.
Discussion and Conclusions
[48] Since the deposition velocity is calculated assuming that steady state conditions exist in both the case of a surface source and a source from above, the question naturally arises as to its legitimacy when used in dynamic aerosol models. Slinn [1983] has estimated that the distance from the source required for the downward flux of small particles to reach a steady state in the bottom 10 m of the surface layer is of the order of 1000 km, a distance over which other process (like precipitation) would become important if not dominant. Similarly, the long time to reach equilibrium for small size particles is seen in Figures 5 and 8 for filling and/or depletion of the MBL. Seinfeld and Pandis [1998] suggest the required aspect ratio (height to downwind distance) is of the order of 100 (compared to 10 5 by Slinn [1983] ). The difference roughly corresponds to the difference between the filling and local time constants given earlier. The validity of the deposition velocity formulation does not require that the entire boundary layer has come to equilibrium with respect to sources and sinks, only that the boundary layer is locally well-mixed between the surface and some reference height where the aerosol concentration is specified. The large difference between the filling timescale and local mixing timescale is clear from the numerical solution shown in Figure 8 where the 1000 m MBL requires many days to reach equilibrium for small particles, but the close grouping of the concentrations (solutions) at a given time in the bottom four cells indicates that local mixing occurs at a much faster rate. Figure 11 contrasts the various timescales of interest as a function of radius for a MBL height of 1000 m. The time constant, t f , for the entire MBL is given by equation (21) for a surface source and shown by the dashed lines for three wind speeds. For a source from above the time constant is
where n d is the deposition velocity given by equation (34) and Z MBL is the height of the MBL. t a is shown by solid curves in Figure 11 . The local time constant for mixing t loc mix is given by equation (23) and shown by the solid horizontal line where Áz is taken to be 10 m. Also shown by dotted horizontal lines are the presumed three-day lifetime of aerosols for precipitation scavenging and an eddy timescale assumed here to be about 20 min (stochastic averaging time). Figure 11 illustrates the conventional wisdom that the lifetime of small particles is largely determined by precipitation scavenging and by surface deposition for larger particles with crossover point between 1 to 10 mm depending on wind speed. Local equilibrium as predicted by equation (23) is faster than the stochastic timescale and therefore local equilibrium is established on the same timescale as that required for stochastic averaging. We therefore believe that the concept of a deposition velocity can be used for dynamic models provided the desired time resolution is long compared to the stochastic averaging time. These required conditions are expected to hold in the MBL, but not necessarily in the urban environment.
[49] The deposition velocity for a uniform surface source of aerosols, such as surface generated sea-salt aerosol, is fundamentally different from the deposition velocity when the source of aerosols is from above, i.e., from upwind or free troposphere source. The turbulent driven flux is upward for a surface source and downward for a source from above. . Three days represents typical lifetime for precipitation scavenging. Twenty minutes is assumed to be a typical time required for valid stochastic averaging.
The case of a surface source during transient conditions is more problematic than that of a source from above. If the atmosphere is in equilibrium with a uniform surface source then the deposition, as we have seen, is just the gravitational settling velocity (times a correction term involving the reference height). If at a certain point in time, the source is removed, the deposition velocity must transition to that given by a source from above as the gradient flux switches in direction from upward to downward. During a filling event the upward turbulent flux is source-limited and assumed to be the same as the upward flux at equilibrium. This is the quasi-equilibrium assumption discussed earlier and shown to be a good approximation when the internal mixing time within the MBL is much faster than the filling time (which is source limited). Since small particles are also removed by precipitation scavenging and by detrainment into the free troposphere, we would expect that periods of upward flux will dominate over periods of downward mixing and therefore that equation (10) will be the most appropriate deposition velocity for the sea-salt component. We therefore choose equations (10) and (34) for the deposition velocities for surface source and source from above, respectively.
[50] The differential equation used to derive the deposition velocity is a form of the continuity equation. For this equation to be valid the radius must be constant or change slowly compared to the rate at which other processes are occurring [Fitzgerald et al., 1998a] . A 64-mm-radius seawater droplet, ejected from the sea surface into an 80% RH environment, requires about a minute to equilibrate to its equilibrium radius of about 30 mm (dry radius of about 16 mm). In one minute a 40 mm droplet of unit density will fall about 12 m. On the other hand, a 32 mm seawater droplet requires less than 20 s to equilibrate to its equilibrium radius of about 15 mm (8 mm dry radius). A 20-mm particle falls only about 1 m in 20 s (time to equilibrate). It follows that the expression for the deposition velocity for a surface source (equation (10)) should not be valid for a sea-salt droplets originating at the sea surface if the particles is larger than about 30 mm.
[51] One of the purposes of this study was to evaluate the various sea-salt source functions and determine a preferred formulation for the NRL dynamic aerosol model. As discussed in detail above, we believe that equilibrium methods relying on a measurement of the size distribution at a reference height, coupled with the assumption that the upward and downward fluxes are in equilibrium, are not useful at radii below about 5 to 10 mm in radius for two reasons: (1) the time to establish equilibrium for small particles is much longer than the lifetime of the aerosol as a consequence of precipitation scavenging and (2) it is difficult if not impossible to remove the effects of synoptic scale ''entrainment'' velocities which are considerably greater than the fall velocities of particles smaller than 5 mm. We are here using ''entrainment velocity'' to include the effects of a number of processes including (1) subsidence or lifting caused by large scale divergence and convergence in the MBL, (2) vertical motions caused by lowering or raising of the MBL, and (3) exchange with the free troposphere caused by mixing at the top of the MBL. Since sea-salt aerosol originates in the MBL, exchange with the free troposphere will produce an average flux of particles out of the MBL, decreasing the equilibrium concentration in the MBL. At radii larger than about 5 to 10 mm the two problems associated with the equilibrium method mentioned above start to become manageable and the method should be increasingly reliable above 10 mm. However, for reasons given in the last paragraph, difficulties also arise for sea-salt particles greater than about 30 mm.
[52] The Monahan et al. [1986] formulation is the most widely used flux formulation. Nothing in this investigation would suggest a better formulation for the size range between about 0.3 to 10 mm. Our confidence in the Monahan formulation has been increased by the recent findings of Reid et al. [2001] who determined the magnitudes and shape of the source function from aircraft measurements in air advecting off the continent by the advection box method and found them to be of the same order of magnitude as those of Monahan et al. [1986] . Furthermore, starting with the O'Dowd et al. [1997] winddependent size distributions, deriving a flux under the equilibrium assumption, and then estimating the direction and magnitude of the errors expected at small sizes imposed by the equilibrium assumption, suggests the resulting error bars would be within the range of the Monahan et al. [1986] values (see section 3.2 and Figure 6 ). As stated earlier, the Monahan et al. [1986] source function given by equation (1), does not include spume-generated aerosol since there was no wind in the wave tank. Monahan et al. [1986] have given a formulation for aerosol generation by spume, but the formulation is generally believed to give fluxes that are much too high [see e.g., Gong et al., 1997] and was acknowledged by the original authors to be ''clearly in need of extensive revision to rid it of certain unrealistic features.''
[53] The dashed lines in Figure 12 shows the Smith et al. [1993] fluxes corrected as per equation (14) , the curves intersect the Monahan et al. [1986] values at about 10 mm radius which is consistent with the suggestion of Monahan et al. [1986] that spume becomes the dominant mechanism at radii larger than 10 mm and wind speeds greater than 9 m s À1 . Based on the above arguments, we believe a viable interim solution is to take the larger of the Monahan et al. [1986] and Smith et al. [1993] values of flux throughout the 0.3 to 30 mm radius range for wind speeds greater than about 9 m s À1 .
[54] For high spatial resolution models, the source function near the surface (lowest cell) is required. For small particles the gravitationally induced vertical gradients in particle concentration and flux are negligible. However, for particles larger than 10-mm radius, the gradient between 10 m (standard height) and 1 m can be significant especially at low wind speeds. The height correction given in equations (9) and (10), assuming neutral stability corrects for the gravitationally induced gradients. When this correction is applied to the Smith et al. [1993] fluxes as shown in Figure  12 , it leads to the unrealistic result that the fluxes at low wind speeds can approach the values at a higher wind speed at the upper limit of the size range. This is seen in Figure 12 from the merging of the flux at a wind speed of 5 m s
À1
with that at 10 m s À1 at 30-mm radius (dotted lines). This unrealistic behavior does not appear when the source was introduced at 10 m where the height correction term in equation (10) has the value of unity. The source of this discrepancy is unknown but we do know that counting statistics, any background (non-sea salt) particles, or spurious background counts have a larger effect when the concentration is low, as in the case of the largest size channels of the optical particle counters at low wind speeds. Surf-generated aerosol which is assumed to be advected inland below the measurement height of the tower would have a better chance of reaching the height of the instrument location by convective cells under low wind speed conditions. Furthermore, at low wind speeds, we would not expect any aerosol due to spume. Andreas [1998] suggests that the threshold wind speed for spume generation is in the 7 to 11 m s À1 range. Since we need a source function that can be applied to a model with vertical resolution of 1 to 2 m, we suggest that it may be best to use only the Monahan et al. [1986] formulation for wind speeds below the spume onset (about 9 m s À1 ).
[55] We readily acknowledge that all current formulations are crude and must be viewed as little more than order-ofmagnitude estimates. The problem is not only with the data on which the formulations are based, but the attempt to express the flux in terms of the current wind speed as the only variable. In addition to wind speed other variables such as fetch, history of the wind velocity, air-sea temperature difference, the thermal stability of the atmospheric and ocean surface layers, and surface-active material, must also play a role. Certainly this is an area ripe for additional experimental studies.
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